Abstract The study investigated methane production from dehydrated waste-activated sludge (DWAS) with approximately 80% water content under thermophilic conditions. The repeated batch-wise treatment of DWAS using methanogenic sludge unacclimated to high concentrations of ammonia, increased the ammonia production up to 7,600 mg N per kilogram total wet sludge of total ammonia concentration, and stopped the methane production. Investigation revealed that the loading ratio of DWAS for methanogenic sludge influences anaerobic digestion. Methane production significantly decreased and ammonia concentration increased with the increase in loading ratio of DWAS. Since the semicontinuous culture revealed that approximately 50% of organic nitrogen in DWAS converted to ammonia at sludge retention time (SRT) after 4 days at 37°C and 1.33 days at 55°C, the previous stripping of the ammonia produced from DWAS was carried out. The stripping of ammonia increased methane production significantly. This ammonia-methane two-stage anaerobic digestion demonstrated a successful methane production at SRT 20 days in the semicontinuous operation using a laboratory-scale reactor system.
Introduction
Activated sludge process has been widely used throughout the world to treat municipal sewage and low-strength industrial wastewaters. This process transforms dissolved organic pollutants in wastewater into carbon dioxide, water, and biomass (Held et al. 2002; Rocher et al. 1999 ) but exhausts huge quantities of biomass as waste-activated sludge (WAS). In Japan, for example, 428 million cubic meter of WAS, which corresponds to two million tons as per the dry weight criterion, is exhausted per year, even though the distribution of the sewage line is only 66.7%. Although a large proportion of WAS (39%) is treated as landfill after being concentrated by gravity, dehydrated by a filter process, dried by heating, and finally incinerated by combustion, this is a costly process and still requires a vast amount of landfill space. Therefore, several methods to treat and minimize WAS that included mechanical, chemical, thermochemical, biological, and oxidative treatments have been investigated as reviewed in detail by Weemaes and Verstraete (1998) and Wei et al. (2003) .
Among these treatments, anaerobic digestion technology has been widely used to reduce and stabilize WAS and is in practical use (Mata-Alvarez et al. 2000) . Moreover, this technology has additional benefits as it recovers methane which is used as a renewable energy source (Gunaseelan 1997) . The application of anaerobic digestion, however, has been mainly confined to large-scale sewage treatment plants because it is not considered profitable in small-scale operations (Fujishima et al. 2000; Mata-Alvarez et al. fore, WAS is usually collected by waste disposers after dehydration to approximately 80% water content. Only a small portion of this excess sludge is recycled into, for example, compost and cement ingredients in Japan, since the demands for such products are limited for the treatment of all the excess sludge. Although WAS which has around 97% water content is treated conventionally using an anaerobic digester in a sewage plant, if however, anaerobic digestion of dehydrated WAS (DWAS; moisture content <80%) can be done with the same efficiency, the reactor size can be significantly decreased compared to that of the conventional digester, which would reduce the initial costs of plant construction. Moreover, the necessary treatment of the wastewater discharged after anaerobic digestion would have lower costs since less water is produced. Although the effect of water contents up to 89% on anaerobic digestion was studied by Fujishima et al. (2000) and Lay et al. (1997) , direct anaerobic digestion of DWAS with 80% water content has not been reported so far.
In this study, methane production from DWAS with 80% water content was investigated under thermophilic conditions by using methanogenic sludge unacclimated to high concentrations of ammonia with repeated batch anaerobic digestion. The effect of the previous stripping of ammonia from DWAS on the performance of anaerobic digestion was also evaluated.
Materials and methods

Sludges
The DWAS used in this study was collected at a sewage treatment facility in Hiroshima, Japan, the characteristics of which are described in Table 1 . The original methanogenic sludge was also collected at a sewage treatment facility in Hiroshima where a concentrated WAS (approximately 2.5%, v/w) was treated with thermophilic methane fermentation and then dehydrated. The same sludge was used as the microbial source for release of ammonia from DWAS. The digested excess sludge was anaerobically incubated at 55°C for 60 days in our laboratory in order to consume the substrate completely, before being used as the acclimated methanogenic sludge to initiate methane fermentation by mixing with DWAS at a suitable ratio. The characteristics of the acclimated methanogenic seed sludge are also described in Table 1 .
Culture conditions
In order to test the suitability of the raw DWAS and ammonia-stripped DWAS for methane fermentation, repeated batch cultures were carried out at 55°C by mixing the acclimated methanogenic sludge with DWAS at the ratio of 3:1, which corresponded to 21 g total organic carbon (TOC) per kilogram total wet sludge (t.w.s.). Every 15 days, one-third of the mixed sludge was withdrawn, and the remainder was supplemented with the same amount of fresh DWAS by thorough mixing.
In order to test the effect of the mixing ratio of the acclimated methanogenic sludge and DWAS on methane production, the two were mixed at ratios ranging from 4:1 to 1:4 (20 g as the total wet sludge). After the mixed sludge was transferred to serum bottles of approximately 125-ml capacity, the headspace in the bottles were purged with N 2 gas for 1 min. Entire cultivations were carried out under thermophilic (55±1°C) and static conditions. In order to investigate the effect of sludge retention time (SRT) on release of ammonia from DWAS, semicontinuous digestion was carried out. In this experiment, 20 g of sludge prepared at the mixing ratio of 1:1 for seed sludge acclimated at 55°C for 60 days, and DWAS were transferred to serum bottles of approximately 125-ml capacity. In this experiment, SRT was defined as a reciprocal of DWAS volume added per the bed volume per day. After headspace in the serum bottle was purged with N 2 gas for 1 min, treated sludge was cultured either at 37°C or 55°C under the static condition. After 10 days of culture, semicontinuous operation was started. Half the amount of all sludge (10 g) was withdrawn and the bottle was replenished with the same amount of fresh DWAS (10 g). During this operation, pH was adjusted to between 7.0 and 8.0 by the addition of sodium bicarbonate. The repetition described above was performed at half-way points of SRT of 0.66, 1, 2, 4, 6, 8, and 10 days. When SRT was set at 1.33 and 1.5 days in the experiment at 55°C, the starting culture had the mixing ratio of seed sludge to DWAS at 1: 3 and 1: 2, respectively; then the three quarters and two thirds of all sludge were withdrawn and replenished with three quarters and two thirds of fresh DWAS daily, respectively. All experiments were carried out in triplicate. Procedure for stripping of ammonia from sludge In order to accumulate and then remove ammonia from DWAS, a novel apparatus was used in this experiment as illustrated in Fig. 1 . The apparatus consisted of a reactor for release and stripping of ammonia from DWAS and an absorption tower for ammonia recovery from the gas containing ammonia. The reactor was equipped with an inner rotating vessel with a volume of 11 l (5 l of working volume) and an agitator with 12 windingly disposed blades to achieve efficient kneading of the DWAS of high viscosity. Ammonia-accumulated DWAS for the stripping experiment was prepared by culturing DWAS mixed with the acclimated sludge for ammonia formation in this reactor. The acclimated sludge was prepared as follows: the methanogenic sludge acclimated for 60 days at 55°C was mixed with DWAS at a ratio of 3:1, and then 75% (w/w) of the mixed sludge was withdrawn and the mixture was replenished with the same amount of fresh DWAS by thorough mixing every week.
For stripping of ammonia from the treated DWAS as described above, after the pH of the sludge was raised to approximately 11 by the addition of 4N Ca(OH) 2 solution, the reactor temperature was raised to 85°C (Liao et al. 1995) . Then, N 2 gas was continuously circulated between the vessel and the absorption towers containing 800 ml of 4N sulfuric acid at approximately 5 l/min for 24 h at rotating speeds of 16 rpm for the inner vessel as well as the agitator. After the ammonia stripping, the pH of the sludge was adjusted to 7.0 by the addition of 10 N HCl. The ammonia-removed DWAS was used for repeated batchwise and semicontinuous methane production.
Semicontinuous methane production with a laboratory-scale reactor
The schematic drawing of a laboratory-scale reactor used in this study is illustrated in Fig. 2 . The reactor has 10 l of working volume (19 l of total volume) and is equipped with a horizontal blade that operates at a rotational speed of 3 rpm and was maintained at 55°C. A cumulative production of biogas was measured by a wet gas meter after desulfurization with iron oxide pellets. The digestion was initiated by adding 125 g of ammonia-stripped DWAS into 5 kg of the acclimated methanogenic sludge that corresponds to 40 days of SRT (3.3 g volatile solids (VS) per kilogram t.w.s. per day) every day. Then, SRT decreased to 20 days (6.5 g VS per kilogram t.w.s. per day) at 18 days from the start of the culture and 17 days (7.5 g VS per kilogram t.w.s. per day) at 108 days. The treated sludge in the reactor was withdrawn every 2 or 3 days as the total volume reached 5 kg.
Analyses
The pH of any dehydrated sludge was measured after 0.1-g wet weights of the sludge were withdrawn and placed in 1.5-ml plastic tubes and suspended with 0.9 ml of deionized water. The suspension was centrifuged at 12,000×g for 10 min at 4°C, and the clear supernatant was measured to determine the amounts of volatile fatty acids (VFAs) and ammonia.
Gas production was measured periodically by displacement of saturated aqueous NaCl in a graduated cylinder. The composition of CO 2 and CH 4 was determined by a gas chromatograph (GC 8A, Shimadzu, Kyoto, Japan) with a thermal conductivity detector equipped with a glass column (2 m×3 mm) packed with Unibeads C 60/80 (Shinwakakou, Kyoto, Japan) at 140°C. Argon functioned as the carrier gas at a pressure of 100 kPa. Acetate, propionate, and butyrate were measured by high-performance liquid chromatograph (Shimazdu, Kyoto, Japan) equipped with Aminex HPX-87H column, 300×7.8 mm (Bio-rad, Tokyo, Japan), maintained at a temperature of 65°C. The flow rate of 0.005-M H 2 SO 4 solution was 0.8 ml/min. The total ammonia-nitrogen was determined with a commercially available ammonia test kit (Wako, Osaka, Japan). TOC was determined using a TOC analyzer (TOC-5000, Shimadzu, Kyoto, Japan).
Results
Methane fermentation from untreated DWAS
In order to test the suitability of the dehydrated wasteactivated sludge for methane fermentation, repeated batch culture were carried out at 55°C by mixing the acclimated methanogenic sludge with DWAS at the ratio of 3:1, which corresponds to 21 g TOC per kilogram t.w.s. (Fig. 3a) . Every 15 days, one-third of the mixed sludge was withdrawn, and the remainder was replenished with the same amount of fresh DWAS by thorough mixing. Fifteen days after the initiation of the culture, 550 mmol/ kg t.w.s. of methane was produced, which removed 57% of the TOC (methane 33% and CO 2 24%). In a second feeding (15-30 days), however, the methane production decreased to 200 mmol/kg t.w.s., and the TOC removal was only 27% (methane 12% and CO 2 15%). Methane was hardly produced in the third feeding (30-45 days) and not produced at all in the fourth feeding (45-60 days). With regard to VFAs in this repeated batch culture, acetate accumulated significantly after 30 days (the third and fourth feedings) and reached 250 mmol/kg t.w.s. at the end of the culture. At this stage, the propionate and butyrate accumulations were 75 and 70 mmol/kg t.w.s., respectively. Ammonia-nitrogen concentration increased in proportion to the addition of fresh DWAS and reached 7,600 mg N per kilogram t.w.s. at the end of the culture.
Influence of loading ratio of DWAS on methane production and ammonia accumulation In order to examine the influence of the loading ratio of DWAS on methane production, batch cultures were carried out using sludge in which the acclimated methanogenic sludge was mixed with DWAS at various ratios. The result at 0, 5, and 25 days of culture is illustrated in Fig. 4 . Since pH of the sludge acclimated for 60 days was 8.5 and did not neutralize, the initial pH of the mixed sludge was decreased from 8.3 to 7.5 with increase in DWAS loading. In the range of 17 to 28 g TOC per kilogram t.w.s., although the pH decreased at 5 days of culture compared to the initial value, it increased at 25 days. This corresponds to the methane production which was observed only at the DWAS The culture was initiated with mixed sludge that was prepared by mixing acclimated dehydrated methanogenic sludge (approximately 80% water content) with DWAS at a ratio of 3:1. After 15 days of cultivation at 55°C, 25% of the weight of the mixed sludge was withdrawn, and the same amount of DWAS was added. Symbols in middle parts of figure: C, 25% of the weight of the mixed sludge was withdrawn, and the same amount of DWAS was added. Effect of previous ammonia stripping from DWAS on methane production At higher DWAS loading, significant accumulation of ammonia and VFA was observed; however, there was no production of methane. This observation is explained by the fact that ammonia is a significant inhibitor of methane production (Hansen et al. 1999; Hendrinksen and Ahring 1991; Sosnowski et al. 2003; Sprott and Patel 1986; Sung and Liu 2003) . Although a high concentration of VFA also inhibits methane production, VFA appears to be consumed when the ammonia concentration is low because a higher consumption of VFA by methanogenesis is expected at low concentrations of ammonia. If this is true, methane will be produced from DWAS by removing ammonia continuously. In order to test effectiveness of ammonia removal from DWAS as a means for sustainable methane production, DWAS was treated for ammonia production for 5 days as described in the "Materials and methods" section, and the treated DWAS was used for methane fermentation. A typical time course for ammonia removal from ammoniareleased DWAS is shown in Fig. 5 . When the initial pH of the sludge was set at 11.7 by addition of calcium hydroxide and the temperature was increased to 85°C, the ammonia concentration dramatically decreased from 7,700 to 1,900 mg N per kilogram t.w.s. after 1 h. Thereafter, the ammonia concentration slowly decreased and reached 490 mg N per kilogram t.w.s. at 4 h. In this condition, VFA concentrations, i.e., acetate, propionate, and butyrate concentrations, increased slightly, suggesting that some VFAs were released during ammonia removal. After ammonia production for 5 days, the repeated batch culture using DWAS from which ammonia had been removed were performed by the same method as that used for untreated sludge as shown in Fig. 3a . The ammonia concentration was kept at around 2,000 mg N per kilogram t.w.s. during the experiment (Fig. 3b) . At each withdrawal of treated sludge and addition of fresh sludge, a constant amount of methane (560±47 mmol/kg t.w.s.) was produced, and the VFA concentration remained below 80 mmol/kg t.w.s. This result clearly indicates the elimination of ammonia from the sludge after the conversion of nitrogen in the organic fraction.
Kinetics of ammonia release from DWAS in a semicontinuous culture As mentioned above, biological release and stripping of ammonia from DWAS was effective for sustainable methane production. In order to optimize this procedure, kinetics of ammonia release from DWAS in a continuous operation needs to be understood. Therefore, a semicontinuous treatment for ammonia release from DWAS was carried out at various SRT and temperatures (37°C and 55°C). In this treatment, after several feedings of DWAS, the amount of ammonia at the timing of replacement to fresh DWAS stabilized at all SRT and temperatures tested. In Fig. 6 , the average amount of ammonia released under such stable conditions is illustrated. At 37°C, ammonia release increased up to SRT 4 days and then plateaued. At 55°C, ammonia production increased up to SRT 1.33 days more rapidly than that at 37°C and then stabilized. Amounts of ammonia production were similar after SRT 4 days at 37°C and 55°C, where the amounts of ammonia were 5,750 mg (50.1% conversion to ammonia from organic nitrogen in DWAS) and 5,410 mg N per kilogram t.w.s (52.8% conversion), respectively. VFA production followed a trend similar to that of the production of ammonia. These results suggest that temperature only affects the kinetics since the final concentrations obtained are similar in both mesophilic and thermophilic conditions. Semicontinuous methane production from ammonia-stripped DWAS using a laboratory-scale reactor In order to test the effect of SRT on methane production from ammonia-stripped DWAS, the semicontinuous digestion of ammonia-stripped DWAS was performed using a laboratory-scale reactor shown in Fig. 2 over 150 days. In Fig. 7 , the profile of the digestion is illustrated. Immediately after the initiation of the digestion for SRT 40 days (3.3 g VS per kilogram t.w.s. per day), VFA accumulation was observed, which faded away by day 14. Biogas production reached a plateau after 5 days and stabilized at 0.62 Nm 3 per kilogram VS. After SRT was increased to 20 d (6.5 g VS per kilogram t.w.s. per day) at day 18 of the culture, although VFA had accumulated for 2 weeks, it disappeared at day 32. Thereafter, no VFA accumulated and a steady production of biogas was observed for 60 days, when the average biogas yield was 0.58 Nm 3 per kilogram VS, with an average composition of 64% CH 4 and 36% CO 2 . When SRT changed to 17 days at day 108, slight VFA accumulation was observed for a few days which disappeared, and biogas production stabilized with a yield of 0.51 Nm 3 per kilogram VS. However, the accumulation of VFA, mainly propionate started at day 140, may be due to the dilution of propionate-oxidizing bacteria that resulted from too short SRT. During the operation, pH was not controlled but was quite steady around 8. Average ammonia concentration was lowered with shorter SRT; and values of 2,700, 2,100, and 1,800 mg N per kilogram t.w.s. were recorded at SRT 40, 20, and 17 days, respectively, resulting from lower degradation of organic matter in the DWAS at shorter SRT.
In order to know behavior of nitrogen and VS in DWAS at each process of ammonia-methane two-stage anaerobic digestion, calculation was performed based on the results for 70 to 83 days at SRT of 20 days in this semicontinuous culture and the result was illustrated as Fig. 8 . During the process for ammonia release, the amount of ammonianitrogen in DWAS increased to 59% of TKN although ammonia-nitrogen was only 10% originally. Ammonia stripping removed 57% of TKN as ammonia gas, which was 97% of ammonia-nitrogen in DWAS. During methane production, ammonia-nitrogen increased to 14% from 2% per TKN in untreated DWAS. This indicates that 73% of TKN is converted to ammonia during the whole process and 57% of TKN was stripped as ammonia gas. Regarding VS degradation, on an average, 45% of VS in the ammonia-stripped DWAS was degraded (data not shown). At the ammonia release phase from DWAS, 13% of VS was degraded but degradation of VS was negligible during the ammonia stripping (data not shown). Calculations suggest that 39% of VS in the untreated DWAS was degraded during the methane production. This means that a total of 52% of VS was degraded during the whole process.
Discussion
This study clearly demonstrates that the limitation of anaerobic digestion of DWAS was due to the inhibition of methane production by high concentration of ammonia released from DWAS, and the release and stripping of ammonia prior to methane production was effective for successful methane production. In a previous study, although air stripping for the recovery of ammonia from materials after digestion was investigated by Bonmatí and Flotats (2003) , the usefulness of ammonia stripping before methane production was not clarified. Inhibition of methane production by ammonia is not surprising because it has been much reported, for example, in swine manure, sewage sludge, and methanogenic Fig. 8 Behavior of nitrogen and VS in DWAS at each process of ammonia-methane two-stage anaerobic digestion calculated based on the results for 70 to 83 days at SRT of 20 days in the semicontinuous culture as shown in Fig. 7 bacteria (Hansen et al. 1999; Hendrinksen and Ahring 1991; Sosnowski et al. 2003; Sprott and Patel 1986; Sung and Liu 2003) . It was reported that methane production rapidly decreases if the concentration exceeds a threshold level (Hashimoto 1986; Lettinga 1984, 1988) . Therefore, several techniques have been developed to avoid ammonia inhibition besides the ammonia stripping proposed in this study. The acclimation of methanogenic bacteria to high ammonia concentration was effective for maintaining a stable production of methane from an organic solution containing a high concentration of ammonia (Koster and Lettinga 1988; Parkin et al. 1983; Robbins et al. 1989; Sung and Liu 2003; van Velsen 1979) . However, the ammonia concentrations are likely to be exceeded since they depend on some factors like the operational conditions of the reactor. Since a huge amount of DWAS is exhausted from the sewage plant throughout the year, its treatment has to be done at as steady a rate as possible. Anaerobic digestion via the ammonia stripping has an advantage to treat DWAS over the acclimated methanogenic sludge because ordinary methanogenic consortia that are well established on their manipulation can be used.
Codigestion of organic wastes that contain a high amount of nitrogen compounds and other wastes such as garbage and paper that have a relatively low nitrogen content was frequently applied to decrease the ammonia concentration to less than the threshold level (Kayhanian 1999; Sosnowski et al. 2003) . The stripping of ammonia prior to the anaerobic digestion of DWAS can compete against this technology mentioned above because the amount of sewage sludge is far too great for a sufficient amount of garbage and paper wastes to be collected to maintain the ammonia concentration at less than the threshold level. Furthermore, since the amount of waste that can be collected fluctuates, it is difficult to operate the treatment steadily.
The stripping of ammonia from DWAS might also be useful for the production of nitrogen fertilizers such as ammonium sulfate and urea, which are produced from ammonia by Haber-Bosch synthesis out of its constituent elements. The total annual production of ammonia was 121 million tons in 2005 (http://minerals.usgs.gov/minerals/ pubs/commodity/-nitrogen/). The amount of ammonium sulfate and urea used as fertilizers in Japan was 0.66 million tons in 2004, and 0.18 million tons of ammonia were used to produce them. Since 0.26 million tons could be recovered from DWAS, if all sewage treatment centers used DWAS for ammonia production, the amount of ammonia recovered would be sufficient to meet the entire demand for chemical fertilizers in Japan.
Indeed, chemical synthetic fertilizer might be cheaper than that recovered from DWAS. However, ammonia stripping must be treated as something to be disposed of by means of nitrification and denitrification in wastewater treatment plants in the end, although this treatment is an energy-consuming process. If not, it would cause environmental pollutions such as eutrophication of river and lake. Moreover, recycling of ammonia from wastes would be helpful for protecting the environment through the decrease of the demand for chemical synthetic fertilizer.
Regarding the economic aspect of ammonia stripping, the requirement of equipments for the release and stripping of ammonia adds to the initial cost, and chemicals for pH control and energy for heating increase the running cost, thus making the ammonia stripping from DWAS costly. Therefore, a more effective and economical process for ammonia stripping from organic matter that has low water content should be intensively investigated to spread the use of this process.
